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Abstract
Cross-flow turbines, also known as vertical-axis turbines, convert the kinetic energy in moving fluid
to mechanical energy using blades that rotate about an axis perpendicular to the incoming flow. In
this work, the performance of a two-turbine array in a recirculating water channel was experimentally
optimized across sixty-four unique array configurations. For each configuration, turbine performance was
optimized using tip-speed ratio control, where the rotation rate for each turbine is optimized individually,
and using coordinated control, where the turbines are optimized to operate at synchronous rotation
rates, but with a phase difference. For each configuration and control strategy, the consequences of co-
and counter-rotation were also evaluated. We hypothesize how array configurations and control cases
influence interactions between turbines and impact array performance.
Keywords: Cross-flow turbine, vertical-axis turbine, tidal energy, wind energy, renewable
energy, optimization, control, coordinated control, dense turbine array
1 Introduction
Cross-flow turbines (i.e., vertical-axis turbines in wind) are an innovative technology for harnessing energy
from wind and marine currents [39, 20] that have recently seen a resurgence of interest [34, 15, 3, 4].
A principal advantage of cross-flow turbines is that dense arrays can outperform equivalent turbines in
isolation [7, 44]. This complements other benefits of dense arrays, including increased power output per
area [14]. Similar to flow control that enhances propulsion in biological systems (e.g., fish schooling [22,
50, 49], flocking birds [36, 50]), augmented performance for cross-flow turbine arrays arises from beneficial
interactions with the mean flow and coherent structures. These mechanisms have also been explored for
axial-flow turbines [40]. A common finding from prior investigations of cross-flow turbine arrays in field
experiments [13, 29, 28], laboratory experiments [7, 8, 1], and simulation [16, 51, 6, 17, 12] is that power output
increases when when the rotors are arranged in a side-by-side configuration. Chen et al. [12] considered the
optimization of cross-flow turbine control in arrays computationally, but there has been no prior experimental
work that considers simultaneous optimization of array configuration and control.
In this work, we experimentally perform simultaneous optimization of turbine configuration and control
with a two-rotor array with a constant free-stream velocity. We first consider a standard control method that
independently optimizes the tip-speed ratios (Rω/U∞) of each turbine, exploiting mean flow alterations to
maximize array power output. Throughout, we refer to this control strategy as tip-speed ratio control. We also
introduce a new type of control with a synchronous rotation rate and a phase offset between the turbines in
the array. We refer to this strategy, which coordinates the operation of turbines to exploit mean and periodic
flow field alterations, as coordinated control . This strategy is motivated by the inherently periodic nature
of cross-flow turbine fluid dynamics, in which the angle of attack encountered by the blades is continuously
changing. The resulting unsteady aerodynamics can result in leading edge vortex separation [19] and dynamic
stall [11, 10]. Even at tip-speed ratios high enough to suppress dynamic stall [30, 21, 10, 18, 24], the angle
of attack variation produces a phase-dependent pressure and velocity field in and around the rotor. As prior
work has evaluated performance benefits for co-rotating and counter-rotating turbines [8], we consider both
modalities in our experiments.
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Figure 1: (a) Experimental set-up of the mobile, cantilevered turbine which consisted of a motor to enforce
consistent tip-speed ratios and phase differences, a torque cell, an air bearing to absorb cantilever loads,
and the rotor. (b) Experimental set-up of the stationary (or fixed) turbine, which consists of two load cells,
a motor, the vacuum plate, and the rotor. (c) Photo of both turbines operating in the Bamfield Marine
Science Centre flume.
2 Methods
Array experiments were performed in the Bamfield Marine Science Centre recirculating water channel. Dur-
ing these tests, one turbine was fixed in space while the other turbine was cantilevered from a robotic gantry
system (Velmex BiSlide) that allowed precise control of the rotor position in the streamwise and cross-stream
directions. This enabled accurate and reproducible array geometries.
The rotation rate of the stationary (or fixed) turbine (Fig. 1b) was regulated by a servomotor [35]
(Yaskawa SGMCS-05B with Yaskawa SGDV-05B3C41 drive). The motor had an internal encoder with over
one million counts per revolution and was rigidly connected to a six-axis load cell (ATI Mini45) that measured
all reaction forces and torques and was fixed to the flume structure. The turbine driveline was a 12.7 mm
diameter stainless steel shaft that terminated, at the lower end, in a bearing that was fixed to a second
six-axis load cell (ATI Nano25). This assembly was fixed to the bottom of the flume using a suction plate
and scroll vacuum pump (Agilent IDP3) and has been used extensively in previous work [42, 45]. For the
mobile turbine, elimination of the lower load cell and vacuum plate would have introduced significant cross-
talk in an upper load cell due to the orders-of-magnitude difference between the thrust-induced moment and
the relatively small rotary torque. As an alternative approach, as shown in Figure 1a, the turbine driveline
was supported by an air bearing with negligible friction (Professional Instruments Company Block-Head 4R
low-inertia). For the mobile turbine, the rotation rate was regulated by a servomotor with internal encoder
(Yaskawa SGMCS-02B3C41) and the reaction torque (equivalent to fluid torque) was measured by a torque
cell (Futek F400). A picture of both turbines operating in the Bamfield Marine Science Centre flume is
shown in Figure 1c.
Both turbines had two blades with strut endplates to minimize parasitic losses [45]. Each turbine had
a height of H = 0.23 m, diameter of D = 0.172 m, chord length of c = 0.04 m, and symmetric NACA0018
blade profile. This turbine geometry has been used in past work [42, 45, 35, 27]. Due to the limited number
of strut endplates, one turbine had struts with a NACA0008 profile, while the other used a NACA0016
profile. This gave rise to minor performance variations (Fig. 2c). Both sets of struts had chord lengths that
are equal to those of the blades (0.04 m).
The Bamfield Marine Science Centre recirculating water channel was 10 m long, 2 m wide, and was filled
to a dynamic depth of h = 0.73m. The nominal flow speed was U∞ = 0.6 m/s with a turbulence intensity
of approximately 2%. The freestream flow velocity was measured upstream of the array using an acoustic
Doppler velocimeter (Nortek Vector) at a rate of 64 Hz. Despiking was performed using the method of
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Figure 2: (a) Experimental matrix showing the position where each control strategy was tested. (b) Each
array configuration tested, where one turbine was fixed at X/D = Y/D = 0 and the other turbine was tested
at each prescribed polar grid location. (c) Performance curve for each turbine operating in isolation.
Goring and Nikora [26], with spikes replaced by interpolation. The temperature was held at 18±1 ◦C. These
conditions corresponded to a chord-based Reynolds number of Rec =
U∞c
ν ≈ 22, 000 − 23, 000, where ν is
the kinematic viscosity, and depth-based Froude number of Fr = U∞√
gh
≈ 0.22, where g is the gravitational
acceleration or 9.81m/s2. The former placed the turbines in a transitional regime where performance varied
with local Rec [31]. The blockage ratio, defined as the projected area of the turbines normalized by the area
of the channel, ranged from 2.8% (turbines directly in-line) to 5.6% (turbines side-by-side).
The test matrix of relative rotor positions sampled is given in Figure 2a. Arranged on a polar grid,
positions ranged from side-by-side (x = 0) to x = 3.61D in the streamwise direction, and a maximum
spacing of 1.83D in the cross-stream direction. The minimum distance between rotor centers was 1.1D. As
discussed in Sec. 3.6, the turbine interactions were not symmetric about Y/D = 0.
2.1 Performance Metrics
The coefficient of performance is the ratio of the power produced by the turbine to the kinetic power in the
free-stream passing through the turbine’s projected area and expressed as
Cp =
P
1
2ρU
3∞HD
=
ωτ
1
2ρU
3∞HD
, (1)
where P is turbine’s mechanical power, ρ is the fluid density, U∞ is the freestream flow velocity, H is
the turbine height, D is the turbine diameter, ω is the turbine rotation rate, and τ is the turbine torque.
This metric is extended to evaluate non-dimensional array performance. In experiments, the two turbine
rotors were tested separately to establish a baseline performance for comparison. Their individual peak
performances are denoted by C∗P,1 and C
∗
P,2, where an asterisk denotes performance at the optimized tip-
speed ratio (peak of the CP − λ curves in Figure 2c). The array performance is evaluated relative to the
sum of the peak power that the two turbines would produce in isolation. The normalized array performance
is then
CP,N =
CP,1 + CP,2
C∗P,1 + C
∗
P,2
. (2)
If mean inflow was perfectly constant across all tests, this would be equivalent to the power produced by
the turbines in the array divided by the power produced by the turbines in isolation. Our choice of a
non-dimensional performance metric controls for small fluctuations in the free stream velocity.
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Figure 3: Optimization for one geometric configuration of co-rotating turbines under tip-speed ratio control
contrasting initial case (light blue) with optimized case (red). From left to right: (a) the co-rotating turbines
and direction of free-stream flow; (b) performance comparison of initial and optimized cases for each turbine
as a function of the angular position of each turbine (θ = 0 when the blade is pointing directly upstream);
(c) top shows the optimization path and bottom shows the performance evolution during optimization; (d)
resulting performance of selected array geometry on a heat map corresponding to all test positions.
2.2 Turbine Control
At each of the locations illustrated in Figure 2a, two control strategies are optimized to maximize array
power output for both co- and counter-rotating turbines.
Tip-speed ratio control is characterized by the tip-speed ratio or non-dimensional rotation rate, given by
λ =
ωR
U∞
, (3)
where R is the turbine radius. For tip-speed ratio control, the rotation rates of each of the rotors are
optimized simultaneously, assuming a nominally constant free-stream velocity. The tip-speed ratio for both
turbines (λ1, λ2) is defined using the freestream flow velocity (U∞) which may not match the flow incident
to the turbine, particularly when the rotors are in-line. The objective of this control scheme is to optimize
rotor operation in the mean flow field induced by the rotors. This optimization problem is non-trivial, as
there is a co-dependence between turbine rotation rates, the resulting flow field, and the array power output.
In coordinated control, the angular velocities, or tip-speed ratios, of the two turbines are locked to the
same value (λ = λ1 = λ2). For co-rotating turbines, the angular blade offset, or phase difference, is
φ = θ1 − θ2 (4)
where θ1 and θ2 are the angular positions of mobile and stationary turbines respectively and θ = 0 when
one blade is pointing directly upstream. For counter-rotating turbines, the phase difference is defined as
φ = −θ1 − θ2. (5)
This results in another two-parameter optimization, this time of λ and φ. A closed-loop controller is used
to maintain a constant φ while testing a specific pair of parameter values.
Optimization of the control parameters is performed using the Nelder-Mead algorithm [32]. To improve
the convergence rate of the optimization, initial simplex values are chosen, in part, based on data already
collected. The first simplex point is the optimum control set point found for any array configuration so
far. The second point is the optimum control set point of an array configuration with an upstream turbine
position within 1D of the current mobile position. If that control set point is not suitably different from
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Figure 4: Array performance for co-rotating arrays under (a) tip-speed ratio control and (b) coordinated
control. The fixed turbine is located at Y/D = X/D = 0 and the black dot denotes the location of the
upstream turbine. Array performance greater than 1 (red) indicates that the array is outperforming the
turbines in isolation. The color map contains a dead-band surrounding unity to highlight variations.
the first simplex point a psuedo-random second simplex vertex is chosen, ensuring sufficient distance in the
parameter space. The third simplex point is always psuedo-random, but with a lower bound set so that
the initial simplex volume is sufficiently large. Optimization is halted when the simplex reached a minimum
volume or if 30 control set points have been tested since the last improvement in array performance. Figure 3
shows how the optimization was performed for each case. For a given geometry, control strategy, and rotation
scheme (Fig. 3a), the array is tested for 25 seconds. Performance is computed (Fig. 3b) and the Nelder-Mead
optimizer is used to determine the next point. This is repeated until convergence (Fig. 3c). The performance
resulting from the optimized control parameters is shown as a heat map for each array geometry in Figure 3d.
3 Results and Discussion
3.1 Co-rotation
Array performance for co-rotating turbines under tip-speed ratio control and coordinated control is shown
in Figure 4. Both turbines are rotating counterclockwise in the co-rotating arrays. Normalized array per-
formance values greater than 1 (red) represent configurations where the array is outperforming the two
turbines in isolation. For both cases, when turbines are in similar Y/D locations, performance suffers, but
when they are in dissimilar Y/D locations, performance is similar to or greater than isolated turbines. The
co-rotating tip-speed ratio control case had the highest array performance of any array geometry, control
type, and rotation direction, with turbines situated side-by-side with a 1.1D center-to-center spacing achiev-
ing a non-dimensional array performance of 1.3 (i.e., a 30 % increase in power output relative to turbines in
isolation).
To better understand the drivers for array performance, we first consider the optimized tip-speed ratios for
the upstream and downstream turbines (Figure 5). For all configurations, the upstream turbine optimization
converges to a relative narrow range of λ (1.5 ≤ λ ≤ 2). Since the optimal λ in isolation is 1.7− 1.9 (Fig. 2),
this suggests that the upstream turbine is relatively unaffected by the presence of the downstream turbine.
The downstream turbine optimization converges to a similar λ when the turbines are at dissimilar Y/D
locations. When the downstream turbine is located at Y/D = 0, its optimized tip-speed ratio trends toward
zero as X/D → 0. This is likely a consequence of the reduction in local inflow velocity when the downstream
turbine is located directly in the wake of the upstream turbine and in such close proximity relatively little
wake recovery can occur [2]. In addition, this reduction in inflow velocity reduces the local Reynolds number,
reducing CP at a given λ [31].
The optimized parameters for coordinated control are shown in Figure 6. The optimal values of λ exhibit a
qualitatively similar pattern to the downstream turbine under tip-speed ratio control (i.e., primarily affected
when the turbines are at similar Y/D locations). There is, however, evidence of radial striations in the
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Figure 5: Optimized parameters for co-rotating turbines under tip-speed ratio control. (a) Upstream turbine
tip-speed ratio for a given array layout and (b) downstream turbine tip-speed ratio.
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Figure 6: Optimized parameters for co-rotating turbines under coordinated control: (a) optimized tip-speed
ratio for the turbine pair and (b) optimized phase difference.
optimal phase. Since, at these tip-speed ratios, the upstream turbine is periodically shedding vortices [41],
these radial striations could be indicative of meaningful interaction (interception or avoidance) with the
coherent structures from the upstream turbine.
3.2 Counter-rotation
For the counter-rotating arrays, the upstream (mobile) turbine is rotating clockwise while the downstream
(stationary) turbine remains rotating counterclockwise. Array performance trends for theses arrays, shown
in Figure 7, are similar to the co-rotating arrays with array performance improving when the turbines are
at similar X/D positions and suffering when they are at similar Y/D values.
The counter-rotating tip-speed ratio control optimization values (Appendix A, Fig. A.1) are also similar
to the co-rotating values (Fig. 5). Specifically, for the upstream turbine, the optimized λ are all similar to
the isolated optima. When the turbines are located in the same Y/D position, the downstream turbine is
optimized to operate at a lower λ. The coordinated control values (shown in Appendix A, Fig. A.2) have a
qualitatively similar pattern to the co-rotating coordinated control values (Fig. 6). The tip-speed ratios are
1.7 − 1.9 when the turbines are in dissimilar Y/D locations, trend lower in similar Y/D locations, and the
phase difference shows evidence of radial striations.
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Figure 7: Array performance for counter-rotating arrays under (a) tip-speed ratio control and (b)coordinated
control.
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Figure 8: Array efficiency comparison (∆CP,N = C
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P,N − CCounter-P,N ) of co-rotating versus counter rotating
arrays for (a) coordinated control and (b) tip-speed ratio control. Green denotes a co-rotating array out-
performing its counter-rotating counterpart.
3.3 Counter- vs. co-rotating arrays
As shown in Figure 8, co-rotating arrays generally outperform counter-rotating arrays though the underlying
mechanisms causing this trend are not immediately apparent. There is an exception where counter-rotating
arrays outperform co-rotating arrays along a single vector. This can be explained by the turbine wake
structure. In the X − Y plane, cross-flow turbine wakes have an asymmetric, skewed velocity deficit, as
shown in Figure 9a [43]. For all cases tested, the stationary turbine (at X/D = Y/D = 0) is rotating
counterclockwise, while the upstream (mobile) turbine is rotating counterclockwise in a co-rotating array
and clockwise in a counter-rotating array.
For the co- and counter-rotating cases, the upstream turbine rotates counterclockwise and clockwise,
respectively. Therefore, as illustrated in Figure 9, the upstream turbine wake deflection is in the +Y/D di-
rection for co-rotation and in the−Y/D direction for counter-rotation. As a result, co-rotation underperforms
counter-rotation in a band of −Y/D upstream turbine positions (purple in Figure 8) while counter-rotation
underperforms co-rotation for the mirrored +Y/D upstream turbine positions (dark green in Figure 8). For
both cases, this is consistent with alternating directions of wake velocity skew for counterclockwise and
clockwise rotation of the upstream turbine. As turbine separation increases beyond X/D = −2, this effect
is reduced by wake mixing.
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Figure 9: (a) Mean wake velocity of a cross-flow turbine rotating counterclockwise with the skewed velocity
deficit denoted with a red arrow [43], (b) deficit path and wake deflection direction for the co-rotating turbine
array (c) deficit path and wake deflection direction for the counter-rotating turbine array.
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Figure 10: Array efficiency comparison (∆CP,N = C
TSRC
P,N − CCCP,N ) of tip-speed ratio control (TSRC) minus
coordinated control (CC) for (a) counter-rotating and (b) co-rotating arrays.
3.4 Tip-speed ratio control vs. coordinated control
In Figure 10, the two control strategies are compared for co-rotating and counter-rotating arrays. For most
array configurations, the differences between the strategies are limited and without obvious spatial trends.
However, regardless of rotation direction for the upstream turbine, when the turbines are aligned in the
streamwise direction (Y/D = 0), tip-speed ratio control significantly outperforms coordinated control. Since
the downstream turbine operates directly in the wake of the upstream turbine, tip-speed ratio control allows
the downstream turbine to operate at a rotation rate with a more favorable local tip-speed ratio (i.e., λ
defined by the local inflow instead of the freestream flow). Conversely in coordinated control, the turbines
are operating at equal rotation rate, which means that the local λ for both turbines is far from optimal.
3.5 Role of blockage
Array configurations have blockages that vary between 2.8% (turbines in-line) and 5.6% (turbines side-by-
side). Blockage is well-understood to increase CP relative to unconfined flow and, using linear momentum
actuator disc theory, this can be related to the geometric blockage and thrust coefficient [38]. The thrust
coefficient, CT , is defined as
CT =
T
1
2ρU
3∞HD
(6)
where T is the thrust in the along-channel direction.
We explore the influence of blockage on our results for the specific case of coordinated control with both
turbines at X/D = 0, such that the geometric blockage is constant at 5.6%, but the thrust coefficient changes
with φ and λ. Since thrust measurements are only available for the the downstream (stationary) turbine,
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Figure 11: Coefficient of performance(b) and coefficient of thrust (c) for the downstream turbine in three
side-by-side array configurations (a) for coordinated control optimization. The point clouds correspond to
variations in λ and φ during the control optimization. Values are corrected according to the method of
Barnsley and Wellicome [5].
we focus on its performance at three Y/D locations, denoted by the colored dots in Figure 11a. As shown in
Figure 11b, as the separation distance between the turbines increases, the maximum CP for the stationary
turbine decreases, which suggests the loss of a beneficial mean or periodic interaction between the turbines.
However, as shown in Figure 11c, CT also varies substantially during the optimization, likely as a consequence
of bluff-body interactions, given variations in apparent solidity for different phase offsets, and CP is closely
correlated with CT (Figure 11d). When we correct for this to evaluate the performance in unconfined flow
using the method of Barnsley and Wellicome [5] (using the blockage for the array and assuming that CT is
similar for the two turbines), we see that the corrected thrust coefficients are estimated to be nearly equal to
the isolated turbine (colored circles compared to black circles in Figure 11c). This suggests that, despite the
relatively low absolute value of geometric blockage in the experiments, blockage effects may explain much of
the observed variation in the thrust coefficient with φ and λ during the optimization process.
However, this does not entirely explain the elevation in CP . Even after accounting for blockage, corrected
CP for the stationary turbine in an array still exceeds corrected CP for the same turbine in isolation (Fig. 11b).
This suggests two things. First, the interactions of the two turbines can be optimized to increase their CT ,
which augments the performance gains from blockage that would occur without coordination. This is an
effect that can be meaningfully exploited for cross-flow turbines operating in water. Second, even after we
have corrected for blockage, performance enhancements persist and these increase with turbine proximity.
This suggests additional mean flow or periodic interaction mechanisms that elevate CP,N .
Finally, we note that, for these tests, the downstream (stationary) turbine is located at the center of
the flume, such that the upstream (mobile) turbine has variable proximity to the flume wall depending on
configuration. While this means that wall proximity was not held constant, given that the flume wall is
located at Y/D ≈ ±6, variations in the boundary proximity are unlikely to affect turbine performance [25].
3.6 Experimental design
The symmetry of the polar grid about the Y/D axis suggests that same parameter space could be sampled
more efficiently if only the Y/D ≥ 0 region is probed. However, as observed here and for other cases, two
arrays with equal X/D spacing and equal and opposite Y/D spacing do not yield identical performance, as
a consequence of the asymmetric nature of a cross-flow turbine wake.
The co-rotating arrays are symmetric when the mobile turbine is at X/D = 0 and the Y/D values are
equal and opposite (or the absolute center-to-center distances are equal). Nevertheless, those points are
repeated because the two turbines that constitute the array are not identical as discussed in Sec. 2. For
side-by-side counter-rotating turbines, no such symmetry exists. In this case, the two possible configurations
are characterized by the direction the blades travel as they approach the space between the two turbines. In
one orientation they are traveling upstream, in the other they are traveling downstream, as they approach
the space between the two rotors [51, 47, 48].
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3.7 Larger arrays
Depending on the application, arrays of more than two turbines may be desirable. While these experiments
consider an array of two cross-flow turbines, the results can be extended to a larger numbers of rotors.
The experimental approach presented here would still be possible for a larger parameter space (i.e., each
additional turbine adds either a tip-speed ratio or phase to the control scheme). An optimization scheme
similar to what is described in this work would be critically important as the number of control variables
increases. Additionally, if the free-stream flow speed and direction are uniform across an array at X/D = 0,
the kinematics will be similar for each turbine. Since performance differences between the two strategies are
minimal, coordinated control may be a promising option for array design because multiple rotors could be
mechanically coupled to a single generator, reducing cost. However, if the array spans heterogeneous (e.g.
sheared) inflow, tip-speed ratio control would likely be preferred and could be achieved without an inflow
measurement using a non-linear control strategy [23].
4 Conclusions
Experimental control and configuration optimization are performed to maximize array power for a pair of
cross-flow turbines. The best-performing arrays have a power coefficient 1.3 times greater than for the
turbines operating in isolation. Performance is augmented by three main mechanisms: mean flow alter-
ation (e.g., faster bypass flow harnessed by the neighboring rotor), periodic flow alteration, and blockage.
Sometimes they are present individually, but often two or more factors simultaneously affect performance.
This work inspires future studies in several directions. First, there has been some visualization of the
interaction mechanisms between cross-flow turbines in dense arrays [8], but they have not been fully visualized
and compared to measured performance. In conjunction with visualization, modeling using recent advances
in data-driven methods [46, 37, 33] would advance understanding of this system. Second, while our results can
be provisionally extended to larger arrays, additional interaction mechanisms may occur when the number
of rotors increases beyond two. Third, in this study we present an online experimental optimization for
the control strategy. This approach could be applied to other fluid-structure interactions and flow control
scenarios [9] to explore broad parameter spaces in a time-efficient manner.
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A Appendix: Optimized parameters
The optimized parameters for the counter-rotating array operating under coordinated control and tip-speed
ratio control are shown in Figure 6 and Figure A.1, respectively. These results are similar to the co-rotating
coordinated control and tip-speed ratio control cases explored in Section 3.1.
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Figure A.1: Optimized parameters for counter-rotating turbines under tip-speed ratio control. (a) Upstream
turbine tip-speed ratio for a given array layout and (b) downstream turbine tip-speed ratio for the same.
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Figure A.2: Optimized parameters for counter-rotating turbines under coordinated control: (a) optimized
tip-speed ratio for the turbine pair and (b) optimized phase difference.
References
[1] Mojtaba Ahmadi-Baloutaki, Rupp Carriveau, and David SK Ting. A wind tunnel study on the aerody-
namic interaction of vertical axis wind turbines in array configurations. Renewable Energy, 96:904–913,
2016.
[2] Daniel B Araya, Tim Colonius, and John O Dabiri. Transition to bluff-body dynamics in the wake of
vertical-axis wind turbines. Journal of Fluid Mechanics, 813:346–381, 2017.
[3] Peter Bachant and Martin Wosnik. Characterising the near-wake of a cross-flow turbine. Journal of
Turbulence, 16(4):392–410, 2015.
[4] Peter Bachant, Martin Wosnik, Budi Gunawan, and Vincent S Neary. Experimental study of a reference
model vertical-axis cross-flow turbine. PloS one, 11(9):e0163799, 2016.
[5] MJ Barnsley and JF Wellicome. Final report on the 2nd phase of development and testing of a horizontal
axis wind turbine test rig for the investigation of stall regulation aerodynamics. carried out under etsu
agreement e. Carried Out Under ETSU Agreement No. E. A, 5, 1990.
[6] J Bremseth and K Duraisamy. Computational analysis of vertical axis wind turbine arrays. Theoretical
and Computational Fluid Dynamics, 30(5):387–401, 2016.
11
[7] Ian D Brownstein, Matthias Kinzel, and John O Dabiri. Performance enhancement of downstream
vertical-axis wind turbines. Journal of Renewable and Sustainable Energy, 8(5):053306, 2016.
[8] Ian D Brownstein, Nathaniel J Wei, and John O Dabiri. Aerodynamically interacting vertical-axis wind
turbines: Performance enhancement and three-dimensional flow. Energies, 12(14):2724, 2019.
[9] S. L. Brunton and B. R. Noack. Closed-loop turbulence control: Progress and challenges. Applied
Mechanics Reviews, 67:050801–1–050801–48, 2015.
[10] Abel-John Buchner, Julio Soria, Damon Honnery, and Alexander J Smits. Dynamic stall in vertical axis
wind turbines: scaling and topological considerations. Journal of Fluid Mechanics, 841:746–766, 2018.
[11] AJ Buchner, MW Lohry, L Martinelli, J Soria, and AJ Smits. Dynamic stall in vertical axis wind
turbines: comparing experiments and computations. Journal of Wind Engineering and Industrial Aero-
dynamics, 146:163–171, 2015.
[12] Wei-Hsin Chen, Ching-Ying Chen, Chun-Yen Huang, and Chii-Jong Hwang. Power output analysis and
optimization of two straight-bladed vertical-axis wind turbines. Applied energy, 185:223–232, 2017.
[13] John O Dabiri. Potential order-of-magnitude enhancement of wind farm power density via counter-
rotating vertical-axis wind turbine arrays. Journal of renewable and sustainable energy, 3(4):043104,
2011.
[14] John O Dabiri. Emergent aerodynamics in wind farms. Physics today, 67(10):66–67, 2014.
[15] Reeve Dunne and Beverley J McKeon. Dynamic stall on a pitching and surging airfoil. Experiments in
Fluids, 56(8):157, 2015.
[16] Karthikeyan Duraisamy and Vinod Lakshminarayan. Flow physics and performance of vertical axis
wind turbine arrays. In 32nd AIAA Applied Aerodynamics Conference, page 3139, 2014.
[17] Naveed Durrani, Ning Qin, Harris Hameed, and Shahab Khushnood. 2-d numerical analysis of a vawt
wind farm for different configurations. In 49th AIAA Aerospace Sciences Meeting including the New
Horizons Forum and Aerospace Exposition, page 461, 2011.
[18] Jonathan M Edwards, Louis Angelo Danao, and Robert J Howell. Piv measurements and cfd simulation
of the performance and flow physics and of a small-scale vertical axis wind turbine. Wind Energy,
18(2):201–217, 2015.
[19] Jeff D Eldredge and Anya R Jones. Leading-edge vortices: mechanics and modeling. Annual Review of
Fluid Mechanics, 51:75–104, 2019.
[20] Sandra Eriksson, Hans Bernhoff, and Mats Leijon. Evaluation of different turbine concepts for wind
power. renewable and sustainable energy reviews, 12(5):1419–1434, 2008.
[21] Carlos Simao Ferreira, Gijs Van Kuik, Gerard Van Bussel, and Fulvio Scarano. Visualization by piv of
dynamic stall on a vertical axis wind turbine. Experiments in Fluids, 46(1):97–108, 2009.
[22] FE Fish and GV Lauder. Passive and active flow control by swimming fishes and mammals. Annu.
Rev. Fluid Mech., 38:193–224, 2006.
[23] Dominic Forbush, Robert J Cavagnaro, and Brian Polagye. Power-tracking control for cross-flow tur-
bines. Journal of Renewable and Sustainable Energy, 11(1):014501, 2019.
[24] Nobuyuki Fujisawa and Satoshi Shibuya. Observations of dynamic stall on darrieus wind turbine blades.
Journal of Wind Engineering and Industrial Aerodynamics, 89(2):201–214, 2001.
[25] Olivier Gauvin-Tremblay and Guy Dumas. Two-way interaction between river and deployed cross-flow
hydrokinetic turbines. Journal of Renewable and Sustainable Energy, 12(3):034501, 2020.
12
[26] Derek G Goring and Vladimir I Nikora. Despiking acoustic doppler velocimeter data. Journal of
Hydraulic Engineering, 128(1):117–126, 2002.
[27] Aidan Hunt, Carl Stringer, and Brian Polagye. Effect of aspect ratio on cross-flow turbine performance.
Journal of Renewable and Sustainable Energy (in review).
[28] Matthias Kinzel, Daniel B Araya, and John O Dabiri. Turbulence in vertical axis wind turbine canopies.
Physics of Fluids, 27(11):115102, 2015.
[29] Matthias Kinzel, Quinn Mulligan, and John O Dabiri. Energy exchange in an array of vertical-axis
wind turbines. Journal of Turbulence, 13(1):N38, 2012.
[30] A Laneville and P Vittecoq. Dynamic stall: the case of the vertical axis wind turbine. Journal of Solar
Energy Engineering, 108(2):140–145, 1986.
[31] Mark A Miller, Subrahmanyam Duvvuri, Ian Brownstein, Marcus Lee, John O Dabiri, and Marcus
Hultmark. Vertical-axis wind turbine experiments at full dynamic similarity. Journal of Fluid Mechanics,
844:707–720, 2018.
[32] John A Nelder and Roger Mead. A simplex method for function minimization. The computer journal,
7(4):308–313, 1965.
[33] Bernd R Noack, Marek Morzynski, and Gilead Tadmor. Reduced-order modelling for flow control,
volume 528. Springer Science & Business Media, 2011.
[34] Colin M Parker and Megan C Leftwich. The effect of tip speed ratio on a vertical axis wind turbine at
high reynolds numbers. Experiments in Fluids, 57(5):74, 2016.
[35] Brian Polagye, Ben Strom, Hannah Ross, Dominic Forbush, and Robert J Cavagnaro. Comparison of
cross-flow turbine performance under torque-regulated and speed-regulated control. Journal of Renew-
able and Sustainable Energy, 11(4):044501, 2019.
[36] Steven J Portugal, Tatjana Y Hubel, Johannes Fritz, Stefanie Heese, Daniela Trobe, Bernhard Voelkl,
Stephen Hailes, Alan M Wilson, and James R Usherwood. Upwash exploitation and downwash avoidance
by flap phasing in ibis formation flight. Nature, 505(7483):399–402, 2014.
[37] Matthew P Rockwood, Kunihiko Taira, and Melissa A Green. Detecting vortex formation and shedding
in cylinder wakes using lagrangian coherent structures. AIAA Journal, 55(1):15–23, 2017.
[38] Hannah Ross and Brian Polagye. An experimental assessment of analytical blockage corrections for
turbines. Renewable Energy, 152:1328–1341, 2020.
[39] SH Salter. Are nearly all tidal stream turbine designs wrong? In 4th International Conference on Ocean
Energy, pages 1–7, 2012.
[40] Carl R Shapiro, Dennice F Gayme, and Charles Meneveau. Generation and decay of counter-rotating
vortices downstream of yawed wind turbines in the atmospheric boundary layer. arXiv preprint
arXiv:2005.11618, 2020.
[41] Abigale Snortland, Brian Polagye, and Owen Williams. Influence of near-blade hydrodynamics on cross-
flow turbine performance. In Proceedings of the 13th European Wave and Tidal Energy Conference, pages
1–9, 2019.
[42] B. Strom, S. L. Brunton, and B. Polagye. Intracycle angular velocity control of cross-flow turbines.
Nature Energy, 2(17103):1–9, 2017.
[43] Benjamin Strom. Cross-Flow Turbine Fluid Mechanics: Experimental Optimization and Analysis. PhD
thesis, University of Washington, 2019.
[44] Benjamin Strom, Steven L Brunton, and Brian Polagye. Advanced control methods for cross-flow
turbines. International Marine Energy Journal, 1(2 (Nov)):129–138, 2018.
13
[45] Benjamin Strom, Noah Johnson, and Brian Polagye. Impact of blade mounting structures on cross-flow
turbine performance. 2018.
[46] Kunihiko Taira, Steven L Brunton, Scott TM Dawson, Clarence W Rowley, Tim Colonius, Beverley J
McKeon, Oliver T Schmidt, Stanislav Gordeyev, Vassilios Theofilis, and Lawrence S Ukeiley. Modal
analysis of fluid flows: An overview. Aiaa Journal, pages 4013–4041, 2017.
[47] A Vergaerde, T De Troyer, J Kluczewska-Bordier, N Parneix, F Silvert, and MC Runacres. Wind tunnel
experiments of a pair of interacting vertical-axis wind turbines. In Journal of Physics: Conference Series,
volume 1037, page 072049. IOP Publishing, 2018.
[48] Antoine Vergaerde, Tim De Troyer, Lieven Standaert, Joanna Kluczewska-Bordier, Denis Pitance,
Alexandre Immas, Fre´de´ric Silvert, and Mark C Runacres. Experimental validation of the power en-
hancement of a pair of vertical-axis wind turbines. Renewable Energy, 146:181–187, 2020.
[49] Siddhartha Verma, Guido Novati, and Petros Koumoutsakos. Efficient collective swimming by harness-
ing vortices through deep reinforcement learning. Proceedings of the National Academy of Sciences,
115(23):5849–5854, 2018.
[50] Theodore Yaotsu Wu. Fish swimming and bird/insect flight. Annual Review of Fluid Mechanics, 43:25–
58, 2011.
[51] Stefania Zanforlin and Takafumi Nishino. Fluid dynamic mechanisms of enhanced power generation by
closely spaced vertical axis wind turbines. Renewable Energy, 99:1213–1226, 2016.
14
